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Some aspects of the inte ractions between DNA a nd 8-
m ethoxypsora len (8-MOP) in its ground state (complex 
formation) or in its excited state (photo binding) have 
been investiga ted. 8-MOP shows a low affinity towa rds 
DNA in the complex formation; this fact minimizes the 
possible biological consequences deriving from this in-
teraction, when it occurs in vivo. 
In covalent photo binding to DNA, 8-MOP forms mainly 
monofunctiona l adducts, and to a lesser extent bifunc-
tional ad ducts, showing a behavior similar to tha t of 
othe r linearly condensed furocoumarins (psoralens ); the 
ratio between mono- and bifunctional ad ducts was found 
to be 9:1. 
The covalent photobinding to DNA does not occur at 
random along the macromolecule , but prefe r entially at 
the level of specific receptor sites. The r egions having an 
alternate sequence of A-T seem to be the best receptor 
sites for the formation of mono a d ducts while the regions 
containing an alte rna te sequence of A-T and CoG ap-
p eared to be the preferential sites for the cross-linkage 
formation. 
It is generally accep ted t hat t he molecula r basis of t h e 
p hotobiological effects produced by furocoumarins (psoralens) 
cons is ts of a cyclo-a ddition reaction to t h e py rimidine bases of 
D NA, which takes p lace under irra dia tion with U V A ligh t (320-
400 nm) [1-3]. Ot he r t ha n in vitro, t h e photoconjugation to 
D NA occurs in vivo, in bac te rial [4] as well as in E hr lich ascites 
t umo r cells [5] , in guinea pig skin [6,7], a nd in oth er biological 
system s [8]. It has a m arked inhibi t ing effect on DNA syn t hesis 
[9] a nd cell division [4,10]; therefore psoralens, associated wi t h 
U V A irra dia tion, can be useful fo r disease condit ions, such as 
psoriasis [11 ,12] a nd mycosis fungoides [13]. 
It was recently sugges ted t hat t h e a bility of som e furocou-
m arins to generate s inglet oxygen unde r irra diation , by energy 
t r a nsfer from their t riple t excited s tate, may have a n important 
role in producing t h e ir photosens itized effects, t hl·ough a n oxi-
da tion of the cellular prote in components [14,15]. However, it 
was demonstra ted that this, although possible, takes place to 
such a reduced degree as to be practically negligible in compar -
ison wit h the concomitant da mage produced to DNA by cycio-
a ddition to the pyrimidine bases [16]. 
8-m ethoxy psoralen (8·MOP, xanthotoxin, Fig 1) , isola t ed in 
Egypt from the seeds of A mmi majus in 1948 [17] a nd 
s ince that time used for t h e thera peutic treatment of vitiligo, in 
combination wi t h exposure to sunligh t or UV irra diation 
[18,19], was more recently inves tigated for the photochemo· 
t h erapy of psoriasis (P UV A therapy) [11,12]. 
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In spi te of t his long a nd widely diffused use, som e aspects of 
its inte ractions wi t h DNA have still not been defined exactly. 
Therefore, we have conducted studies so as to obtain exact data 
concerning t he funda m ental aspects of its interaction with DNA 
in vitro, both in t h e dark a nd after irra diation at 365 nm. In 
t his pa per we report on t h e data obtained . 
MATERIALS AND METHODS 
Furocournarins 
Psoralen, extracted from fig leaves [20], and 8·methoxypsoralen 
[from Chinoin, Milan (I ta ly)], trit iated and purified according to a 
procedure described elsewhere [21], showed specific activities of 1.98 
Cilmol and 2.03 Ci/mol, respectively. 
Deoxyribonucleic Acids and Polydeoxyribonucleolide.~ 
The fo llowing samples of DNA were obtained from Sigma Chemical 
Co., St. Louis, U.S.A.: DNA from Clostridium perfringens (Cat. 0 
1760); DNA from M icrococcus lysodeillticus (Cat. 08259) ; DNA from 
Escherichia coli, strain B (Cat. 0 2001); DNA from calf thymus (Cat. 
o 1501). DNA from salmon sperm was purchased from Serva Feinbi· 
ochemia, Heidelberg, G.F.R. (Cat. 18570). Hypochromicity of the var · 
ious DNA samples, determined according to Mannur and Doty [22] 
was higher than 40%. 
Double stranded polydeoxyribonucleotides were purchased from 
Boehringer, Mannheim, G.F.R.: poly d(A·T ).poly d(A·T) (Cat. 108740); 
poly d(A) .poly d(T) (Cat. 108766); poly d(C-G) .poly d(C·G) 
(Cat. 108782); poly d( C) .poly d(G) (Cat. 108804) and poly d(A·C).poly 
d(G·T ) (Cat. 174262). 
Binding Experiments 
T he binding proce s of 8-methoxypsoralen and of psoralen to calf 
thymus DNA was followed by means of equili brium dialysis experi · 
ments as described elsewhere [23]; the values of r , that is the extent of 
furocoumarin molecules bound per nucleotide, at a free ligand concen· 
tration c (mol/I) have been evaluated according to Peacocke and 
Skerrett [24]. 
Computation of Interaction Parameters 
The method of computation involved an iterative procedure designed 
to satisfy the following equation of Mc Ghee and Von Hippel [25]: 
':'= K(l-nr)[ i-nr In - I 
c 1 - (n - l)r 
given the experimentally determined values of ,. and c and the init ial 
guess of K (the intrinsic binding constant to an isolated site) and of 11. 
(the number of nucleotides occluded by a bound furocoumarin mole-
cule). The program based on the least square method of Tailor series 
expansion of the above reported equation, was made to recycle un til K 
and It changed by less than 1% and then to give the fi nal values of K 
and 11. with a calculated binding isotherm at 5% saturation increments. 
Hadl:ochel1lical Measurements 
Small volumes (0.2 ml) of the solutions to be examined, dilu ted with 
1 ml of disti lled water, added to 10 ml of dioxane base scin t illator (5 g 
P.P.O., 0.075 g P.O.P.O.P., 120 g naphthalene, dioxane up to 1000 ml of 
solu tion) were counted in a liquid scintillation spectrometer (Packard, 
Model 3375); the efficiency of the apparatus for counting trit ium was 
within the range 26-34%. 
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F I G 1. Molecular structures of psoralen and 8- methoxy-psoralen (8·· 
MOP). 
Fluorim elric Measurements 
These were performed by means of a spectrophotofluorimeter (Per-
kin E lmer, Model PPF-044) . 
[rradiation Procedure 
To aqu eous solu t ions (0.75 mM) of ON A containing 20 mM Nael and 
[ mM EOTA were added 10 ,ug/ml of labeled 8-methoxypsoralen or 
labeled psoralen. Measured volumes (4 ml) of the prepared solutions 
were introduced in to calibrated glass tubes immersed in a thermostat-
ica lly controlled bath and irradiated for different periods by means of 
a HPW 125 P hilips lamp (which emi ts a lmost exclusive ly a t 365 nm) at 
a distance of 7.5 cm. The tota l radiation intensity incident on the 4 ml 
of the solu tion, determined by using a chemical actinometer [26] 
corresponded to 9.6 X 10 '" quanta/ sec. After irrad iation each solu t ion 
was d ivided into 2 portions: 2 ml were chromatographed on Sephadex, 
solu tion A, while the remaining 2 ml were utilized for hydroxylapatite 
column chromatography, solu tion B. 
Gel Filtration 
2 ml of the solu t ion A were in troduced in to a column (20 X 1.5 cm) 
of Sephadex G-25 and then elu ted with 20 mM Nael, 2 mM EOTA 
aqueous solu tion, co llecting fractions of 3.5 ml with a flow rate of 15 
drops/ min. In each frac tion the absorba nce at 260 nm a nd the radio-
activity were determined. 
Determination of Cross· LinllCtges 
The determination of cross- linkages was performed e ither on the 
basis of the renaturation capacity shown by ON A after heat denatur-
ation [27,281 or on the basis of the increase of the s ingle stranded DNA 
molecula r we ight. 
In the first case 2 ml of each solution B were heated for 10 min in a 
boiling water bath and then immersed in ice for 15 min; this solu tion 
was then chromatographed on a column (0.7 x 4 cm) of hydroxylapatite 
B io-Gel type (B io-Had La boratories, Calif. , U.S .A. ) and developed 
using a linear grad ient of 0.05-0.3 M phosphate buffer (pH 6.98). 
Fract ions of .3.5 ml were collected us ing an LKB Ultrorac fraction 
collector, with a fl ow rate of 15 drops per min. In each fraction the 
absorbance at 260 nm was determined; on the basis of the amounts of 
s ingle stra nded (noncross- linked) and of renatured double stra nded 
(cross- linked) DNA separated and determined in this way, the extent 
of cross- lin kage format ion was evaluated. 
In the second case from the samples of the polynucleotides solu tions, 
irrad iated in the presence of 8-MOP, [00,u1 were withdrawn and mixed 
with a n equal volume of a 0.5 N NaOH solu t ion conta ining 1% sucrose 
[in th" case of poly d(e-G).poly die-G) 2% sucrose]; the samples were 
then gently laye red on to linear 5-20% sucrose gradient [10-40% for 
poly d(e-G). poly d(e-G)], prepared in 0. 1 N NaOH, which, after holding 
at 50 C for 30 min, were centrifuged at 38,000 rpm, in a SW 39 rotor at 
the same temperature, us ing a S pinco Model L centrifuge. Gradients 
were then fractionated, the sucrose concentration and the a bsorba nce 
at 260 nm were determined. 
The number of cross- linkages produced per polynucleotide molecu le 
(N) was calculated by the foll owing equation [29]: 
Mn ' N =--- I 
Mn 
where Mn is the average number molecu lar weight [30] of the untreated 
polynucleot ide a nd Mn ' is the average number molecular weight of the 
polynucleotide irradiated in the presence of 8- MOP. Molecula r weights 
were calculated according to Studie r [31]. 
RESULTS 
Fluorescent properties of 8-MOP 
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Although psoralen derivatives generally have strong fluores-
cent properties, 8-MOP has a rela tively low fluorescence when 
excited with long wavelength ultraviolet light. In Fig 2 the 
excitation and emission spectra a re reported; the exciting Ama. 
is 348 nm; the fluorescent A",,,. is 501 nm. In comparison with 
pso ralen (the parent unsubstituted furocoumarin which has 
exciting A".". = 338 nm a nd fluorescent A", ... = 445 nm), an 
aq ueous solu tion 1.4 X 10- ' M of 8-MOP in 0.2 M phosphate 
buffer pH = 6.98 has a fluorescence intensity 20 t imes lower 
than that of an equivalent solu tion of psoralen . 
Binding Parameters of the M olecular Complex with DNA 
It has been well ascertained that psora lens in theiJ· ground 
state form molecular complexes with DNA involving very weak 
bonds [23,32], in which the psoralen molecules a re intercalated 
between 2 base pau's [23]. The binding process between various 
psoralen derivatives, including 8-MOP, and DNA has already 
been studied [23]; the data obtained have now been re-elabo-
rated according to the recently published method of Mc Ghee 
and Von Hippel [25]; the thus-calcu la ted binding isotherm of 8-
MOP is reported in Fig 3, together with that of psoralen for 
comparison. From this treatment the value of K [intrinsic 
association constant to an isolated site, according to Mc Ghee 
a nd Von Hippel [25]] was 7.36 x 1O~ and the value of l i n 
(frequency of the binding sites; in other words t he number of 
molecules bound per nucleotide of DNA) was 0.128. The cor-
responding values of psoralen were 3.97 x 1O~ and 0.108, r e-
spectively. 
These da ta indicate a relatively low affinity of 8-MOP for 
DNA in the formation of the molecular complex. For instance, 
it was determined that in a 0.1% solution of DNA, 8-MOP, 
added in a concentration of 10 Ilglml, only 58% is complexed 
with DNA. 
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FIG 2. Excitation a nd flu orescence spectra of 8-MOP (1.4 x 10- ' M 
in phosphate buffer pH 6.98) (pa.rt a) and of 4',5' -dihydro-8- MOP (0.46 
X 10 r' M in phosphate buffer pH 6.98 ( par' b). 
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FiG 3. Binding of 8-MOr (-0 -) and of psoralen (-e-) in the ground 
state to DNA; the data are presented in the form of Scatchard plot 
where r is t he binding ratio (furocoumarin molecu les bound per nucleo-
tide) and c is the free drug concentration. The curves have been 
computed according to the method of Mc Ghee and Von Hippe!. 
Photo binding with DNA 
By irradiating with UV A a solution of DNA plus 8-MOP, the 
fractio n of the drug molecules which are intercalated into DNA 
photoreact with t he pyrimidine bases giving a covalent stable 
conjugation . To study the photo binding of 8-MOP to DNA, the 
trit ium la beled compound was used; after irradiation DNA was 
separated from the excess of unbound 8-MOP by means of 
gelfIltration a nd the radioactivity covalently linked to the mac-
romolecule was determined. The results are reported in Fig 4; 
in the same Figure, for comparison, the results obtained in 
analogous experiments wi th psoralen are also reported. The 
photobinding capacity of 8-MOP was found to be only a little 
lower than that of psoralen. 
The results thus obtained had reference to the amounts of 
drug linked to DNA, without distinction of the mode of binding. 
In previous studies concerning the photoreaction between psor-
alen and DNA, the formation of various types of photocycload-
ducts has been clearly demonstrated. Monoadducts (1 psoralen 
molecule plus 1 pyrimidine base ) of 2 types may take place, 
according to the psoralen site involved in the cycloaddition: 3,4-
monoadducts, which are practically nonfluorescent when ob-
served under Wood's light, and 4',5'-monoadducts which, by 
contrast, are strongly fluorescent in the same conditions [1]. 
Furthermore, diadducts (1 psoralen molecule plus 2 pyrimidine 
bases) may be formed; in this case an interstrand cross-
linkage takes place in DNA. In Wood's light diadducts are not 
fluorescent [2]. 
Therefore, in the case of psoralen, as well as various other 
furoco umarin derivatives, such as 4,5',8-trimethyl-psoralen 
(TMP), after irrad iat ion DNA shows a violet fluorescence, and 
by measuring its fluorescence intensity it has been possible to 
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determine t he amount of 4' ,5'-monoadducts formed by irradia-
t ion [33]. 
In the case of 8-MOP, only a very weak fluorescence can be 
detected in DNA after irradiation. This fact may be due either 
to the presence of very small amounts of 4',5' -monoadducts or, 
more likely, to very weak flu orescent properties of these mon-
oadducts. To investigate these possibilities, we have studied the 
flu orescent properties of 4',5' -dihydro-8-methoxy-psoralen, 
which wou ld have practically the same properties as the 4',5'-
monoadducts (an analogous fact was ascertained in 4',5'-dihy-
dro-psoralen, which has both spectrophotometric and flu ores-
cent spectra practically identical with those of the 4',5' -mon-
oadducts psoralen-thymine [33]) ; excitation (Amax = 352 nm) 
and fluorescent (Amax = 472 nm) spectra are shown in Fig 2; on 
eq uimolecular basis and in the same condition, the fluorescence 
intensity of 4',5' -dihydro-8-methoxy-psoralen proved to be 80 
times lower than that of 4',5'-dihydro-psoralen. 
Cross-linlwge Formation 
The formation of interstra nd crosslinkages by photoreaction 
of 1 molecule of 8-MOP with 2 pyrimidine bases appertaining 
to the opposite strands of DNA, has been evaluated on the 
basis of the renaturing capacity of the heat-denatured cross-
linked DNA, according to a method described by Lawley and 
Brookes [27]; the separation of the renatured fractio n from the 
irreversibly denatured one was performed by means of column 
chromatography on hydroxylapatite. The results obtained are 
reported in Fig 5, together with the results of analogous deter-
minations worked out using psoralen, as a comparison com-
pound . 
By subtracting the amoun ts of 8-MOP forming cross-linkages 
in DNA from the total amounts of 8-MOP linked to the same 
DNA, it has been possible to calculate the a mounts of 8-MOP 
present in DNA in the form of monofunctional adducts. The 
resu lts are reported in Fig 5. It is evident that from a quanti-
tative point of view monoadducts represent the main product 
of the photoreaction both in t he case of 8-MOP and in that of 
psoralen, while bifunctional adducts represent only a secondary 
product; t he ratio between crosslinkages and monoadducts is 
about 1:9. 
Plwtobinding and Crosslinlwge Formation in Various 
Synthetic Duplex Polydeoxyribonucleotides 
To obtain indications of the possible presence, in D NA, of 
specific receptor sites for the photobinding of 8-MOP, some 
synthetic double stranded polydeoxyribonucleotides having 
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in the photobinding of B-MOP (part a) and of psoralen (part b) to 
DNA. 
known regularly repeating sequences are chosen and their pho-
toreacting capacity in respect to 8-MOP was studied. Namely, 
3 polymers having in each strand an alternate sequence of 
purine and pyrimidine bases have been used: poly d(A-T) .poly 
d(A-T), poly d(C-G).poly d(C-G) and poly d(A-C).poly d(G-T). 
Moreover, 2 polymers having in one strand a continuous se-
quence of pyrimidines and in the other strand a continuous 
sequence of purine bases have also been used: poly d(A).poly 
d(T) and poly d(C).poly d(G). 
Two different evaluations have been made after the photo-
reaction with 8-MOP: (a) the extent of the total photobinding, 
determined by means of experiments analogous to those de-
scribed when calf thymus DNA was used ; (b) the amount of 
crosslinkages. In the latter case, only the 3 polydeoxyribonu-
c1eotides having alternate sequences of purines and pyrimidines 
in each strand have been used; in fact, those having linear 
sequences cannot form crosslinkages. The extent of crosslin-
kages has been determined by sedimentation experiments in 
a lkaline sucrose gradients, evaluating the mean increase of the 
molecular weight; actually, in this case hydroxylapatite chro-
matography of heat-denatured polymers cannot be used, be-
cause after cooling these polydeoxyribonucleotides undergo a 
complete sponta neous renaturation. 
In this case, too, by subtracting the amount of 8-MOP forming 
crosslinkages from the total amount of 8-MOP linked to the 
same polynucleotide, it has been possible to calculate the 
amount of 8-MOP forming monofunctional adducts. 
The results of the total photobinding experiments are re-
ported in Fig 6. 8-MOP showed the highest photobinding ca-
pacity towards poly d(A-T) .poly d(A-T) and a gradually de-
creasing one towards poly d(A-C).poly d(G-T) and poly d(C-
G).poly d(C-G) respectively. The two polymers having in each 
strand a continuous sequence of purines and pyrimidines (poly 
dA.poly dT and poly dC.poly dG) showed the lowest photo-
reactivity. 
In Fig 7 the amounts of crosslinkages formed by 8-MOP in 
the various polynucleotides having an alternate sequence of 
purines and pyrimidines in each strand are reported as a func-
t ion of the A-T percentage, together with the amounts of 
monofunctional adducts formed in the same polynucleotides. 
We can observe the different shapes of the curves; in fact, while 
the highest number of monofunctional adducts occurred in poly 
d(A-T).poly d(A-T) (A-T = 100%), the highest number of 
crosslinkages took place in poly d(A-C).poly d(G-T) having an 
A-T content of 50%; in those having only A-T (100%) or only C-
G (A-T = 0%) the extent of crosslinkages was dramatically 
decreased. 
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Photo binding and Crosslink age Formation in Various DNA 
Samples Having Different Base Pair Composition 
In order to confirm the data obtained with synthetic poly-
deoxyribonucleotides, the photobinding capacity of 8-MOP and 
its ability to form crosslinkages have been studied in respect to 
various DNA samples having different base pair composition. 
Four DNA samples have been examined, other than that from 
calf thymus (A-T content 58.1%) used in previously reported 
studies: DNA from Clostridiumperfringens (A-T = 69%), from 
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FIG 6. Photobinding orB-MOP to various polydeoxyribonucleotides: 
poly d(A-T).poly d(A-T) : 1; poly d(A-C).poly d(G -T) : 2; poly d(C-
G).poly d(C-G ) : 4; poly d(A).poly d(T) : 5; poly d(C).poly d(G) : 6; calf 
thymus DNA (for comparison):3. 
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FI G 9. Monofunctional ( port 0) and bifunctiona l ( port b) adducts 
fo rmed in the photobinding of 8- MOP wi th various DNA samples 
having different base composition, reported as a function of A-T per-
centage, afte r 7.5 min of irradiation. 
salmon sperm (A-T = 58.8%), from E. coli (A-T = 49.9%) and 
from Micrococcus lysodeillt icus (A-T = 28.1%). 
The data of the total photobinding experiments are reported 
in Fig 8. In Fig 9 the amounts of crosslinkages formed in the 
various DNA samples al·e reported as a function of the A-T 
percen tage contained in the same DNA samples, together wit h 
the am ounts of monofunctional adducts form ed in the various 
samples, cal cula ted as previously mentioned. A good parallelism 
exists between the extent of monoaddit ion of 8-MOP and the 
A-T percentage contained in the DNA samples, showing a 
behaviour a nalogous to that observed using synthetic polydeox-
yribonucleotides. By contrast, the highest number of cross-
linkages (eva lua ted by hydroxyla pa tite chroma tography) oc-
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curred in DNA samples containing about equal amounts of 
A-T a nd C-G (DNA from calf thymus, salmon sperm and E. 
coli) ; when the content of A-Twas much lower or higher, t he 
formation of crosslinkages decreased noticeably. 
DISCUSSION 
Some fund a mental aspects of the interaction between 8-MOP 
and DNA have been investigated; the results obtained are 
described in this paper . In some cases, t he behavior of 8-MOP 
is compared with that of psoralen (see molecular structure in 
Fig 1); in fact, this compound is the par ent, nonsubstituted 
linear furocoumarin a nd although it has never been clinically 
used for the therapeutic t reatment of skin diseases, it has been 
extensively investigated in basic studies concerning the photo-
biological properties of furo coumarins and the interaction with 
DNA. Concerning the correla tion between the chemical struc-
ture and the photobiological propert ies it has often been taken 
as a reference compound. 
It is well known that 2 types of interaction may occur between 
a furocoumarin and DNA: (a) forma tion of a molecular complex, 
in the dark, consisting of an intercalation of a furocoumru·in 
molecule, in its ground state, between 2 base pairs of DNA, 
involving only very weak bonds; (b) photochemical reaction, 
following i.rradiation with UV A light, leading to a covalent 
combination of t he furocoumarin. molecule to pyrimidine bases 
of DNA. Both these aspects have been investigated. 
The studies of the complex formation between 8-MOP in its 
ground sta te (without any i.rradiation) and DNA showed a low 
affini ty of 8-MOP for the macromolecule, although a little 
higher than that of psora len. This means that a notable fraction 
of the molecules present in the solution remains free and the 
molecular complex is easily dissociable. 
This property may have significance in the photochemo-
therapy of psoriasis and other skin diseases (PUVA therapy); 
in fact, when 8-MOP is administered orally, it is distributed 
thl·oughout the whole body, but only at t he skin level can it be 
reached by UV A radiation, which provokes t he covalent pho-
tobinding to DNA and the consequent photosensit ization. In all 
internal par ts of the body, where UVA radiation cannot arrive, 
no photoreaction wit h DNA can take place, but eventually only 
the formation of a molecular complex. The weakness and easy 
dissociabili ty of this complex, now observed in vitro, minimize 
the possible risk deriving from this type of interaction. We point 
out in fact, that ma ny drugs are known to have antibacterial, 
antitumor and mutagenic activity as a consequence of the 
formation of molecular complexes with DNA (actinomycin, 
daunomycin, adriamycin, etc), however in these cases very 
strong complexes are form ed in vitro wi th DNA, having much 
higher values of the association constant (3 to 5 orders of 
magni tude higher) and of t he number of molecules which can 
be linked to t he macromolecule [34- 38]. 
While generally psoralens have strong flu orescent properties 
when excited with UV A radiation, 8-MOP appear ed to emit 
only a weak fluorescence, 20 t imes lower t han t hat of psoralen. 
Furthermore DNA, while after the photobinding of some psor-
alen molecules it acquu·es a strong violet fluorescence, due to 
the formation of 4',5' -cycloadducts [33,39,40], after t he photo-
binding of 8-MOP molecules acquu·ed only a very weak fluores-
cence. In fact, 4' ,5' -dihydro-8-methoxy-psoralen , which can be 
assumed as a model compound of the 4',5 '-cycloadduct, having 
the same chromophoric moiety, showed a very weak fluorescent 
emission, 80 t imes lower t ha n that of 4',5'-dihydropsoralen, 
compa red to an equinl01eculal· basis. 
The very weak fluorescence acquired by DNA makes it 
difficul t to follow the photobinding of 8-MOP to DNA on t he 
basis of fluorescence measurements, and explain what has been 
reported by Meffert et al [41], who by examining with flu ores-
cence microscopy slices of guinea pig skin previously t reated 
with 8-MOP and irradiated with UVA, observed that fluores-
cence was lacking in the nuclei, while present in the cytoplasm, 
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concluding that 8-MOP under irradiation binds to proteins and 
not to nucleic acids. The very low fluorescent properties of 4',5'-
cycloadducts of 8-MOP indicate that the lack of fluorescence in 
the nuclear DNA cannot be correlated to the lack of photo-
binding of 8-MOP. 
In covalent photobinding to DNA, 8-MOP behaved like many 
other lineaJ"ly condensed furocoumarins (psoralens), that is 
forming mainly monoadducts with the pyrimidine bases of 
DNA and also crosslinkages; the ratio between the mono- and 
difunctional adducts was found to be 9:1 in calf thymus DNA. 
It is known that mono- and difunctional adducts (crosslinkages) 
may be differently able to produce biological effects [39,42]. In 
fact, while inhibition of DNA synth esis in living cells appeared 
to be correlated with the total photo binding of the furocoumarin 
derivatives (monoadducts plus crosslinkages), in other cases, 
such as killing of bacteria [4], inactivation of tumor cells [43], 
erythema formation on skin [1-3], it was demonstrated that the 
intensity of the effects can well be correlated only with the 
formation of crosslinkages [4,10,39,42-44]. 
To obtain indications whether the covalent photo binding of 
8-MOP occurs at random along the macromolecule or, alter-
natively, specific receptor sites are present, photo binding and 
crosslinking formation have been studied using some synthetic 
double stranded polydeoxyribonucleotides having known regu-
larly repeating sequences, chosen as model compounds, as well 
as some DNA samples extracted from different sources, having 
different contents of A-T and C-G pairs. 
In the experiments with polynucleotides, monofunctional ad-
ducts (calculated by subtracting crosslinkages from the total 
photobinding) were formed in the highest amount with poly 
d(A-T).poly d(A-T), and in a gradually decreasing one with the 
other polynucleotides (see Fig 7). The results obtained with the 
DNA samples h aving different base composition were in agree-
ment with these; in fact, as Fig 9 shows, monofunctional pho-
tobinding of 8-MOP was parallel with the A-T content of the 
same DNA samples. 
These results seem to indicate that monofunctional addition 
of 8-MOP takes place preferentially at the level of DNA regions 
having a structure corresponding to that of poly d(A-T).poly 
d(A-T); therefore, the preferential site of DNA for the mono-
functional addition of 8-MOP seems to be the following se-
quence: 
IA::: ::: TI T: :: :: :: A 
We have also studied the ability of 8-MOP to form cross-
linkages both with the various synthetic polynucleotides and 
with the DNA samples having different base pair composition. 
However, the results obtained in this case were not parallel 
with those previously described, obtained studying the mono-
functi.onal addition. In fact (see Fig 9), the highest number of 
crosshnkages was formed by 8-MOP when it photoreacted with 
poly d(A-C) .poly d(G-T), while with poly d(A-T).poly d(A-T) 
and. with poly d(C-G) .poly d(C-G) it was notably lower. In the 
varIOus DNA samples, the highest amount of crosslinkages 
occurred when A-T and C-G were present to about the same 
extent; in the samples containing both a higher and a lower 
content of A-T the formation of crosslinkages was remarkably 
lower. These results are in agreement with the suggestion that 
for the formation of crosslinkages by 8-MOP the following 
sequence is preferred: 
In conclusion, the results obtained suggest that two different 
preferential sites are present in DNA for the photobinding of 8-
MOP, one for the formation of monofunctional adducts and 
another for the formation of crosslinkages. This suggestion may 
appear not surprising, when we consider that an influence of 
the structure of the bases present in the sequence of DNA on 
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the position assumed by the 8-MOP molecule intercalated 
between them seems possible. On the other hand, from various 
experimental evidence, the position assumed by the furocou_ 
marin molecule in respect to the pyrimidine bases appears to 
play an important role in determining the possibility and the 
modality of its photoreaction [40,45]. An analogous behavior 
leading to analogous conclusions has been observed recent!; 
also in the photoreactions of psoralen and 8-methylpsoralen 
with various DNA samples having different base composition 
[40]. 
REFERENCES 
I . Musajo L, Rodighiero G: Mode of sensit izing action of furocoumar_ 
ins, Photophysiology. Edited by AC Giese. Academic Press, New 
York and London, 1972, pp 115-147 
2. Musajo L, Rodighiero G, Caporale G, Dall'Acqua F, Marciani S 
Bordin F, Baccichetti F, Bevilacqua R: Photoreactions betwee~ 
skin-photosensitizing furocoumarins and nucleic acids, Sunlight 
and Man. Edited by TB Fitzpatrick, MA Pathak, LC Harber M 
Seiji , A Kukita. Tokyo University Press, Tokyo, 1974, pp 369-
387 
3. Pa thak MA, Kramer DM, Fitzpatrick TB: Photobiology a nd pho-
tochemistry of furocoumar ins (psoralens) , Sunlight and Man. 
Edited by TB Fltzpatnck, MA Pathak, LC Harber M Seiji A 
Kukita. Tokyo University Press, Tokyo, 1974. pp 335- 368 ' 
4. Cole RS: Inactivation of Escherichia coli, F' episomes at transfe r 
and bacteriophage La mbda by psoralen plus 360 nm ligh t: Sig-
JlIflcance of deoxynbonuclelc aCId cross- links. J Bacteriol 107' 
846-852, 1971 . 
5. Musajo L, Bordin F, Baccichetti F, Bevi lacqua R: Psoralen-thymine 
C.-cycloadduct formed in vitro in the photo inactivation with 
psoralen of Ehrlich ascites tumor cells. Rend Accad Naz Lincei 
43:442-447, 1967 
6. Pathak MA, Kramer DM: Photosensitization of skin in vivo by 
furocoumarins (psoralens). Biochim Biophys Acta 195:197-206 
1969 ' 
7. Dall'Acqua F, Marciani S, Vedaldi D , Rodighiero G: Formation of 
in te r-stra nd cross- lin kings on DNA of Guinea-pig skin after ap-
plication of psoralen and irradiation at 365 nm. FEBS Letters 27: 
192-194, 1972 
8. Ley RD, Grube DD, Fry RJM: Photosensitizing effects of 8-meth -
oxypsoralen on the skin of hairless mice. I-Formation of inter-
strand cross- links in epidermal DNA. Photochem. Photo bioi 25: 
265-268, 1977 
9. Bordin F, Baccichetti F, Musajo L: Inhibi tion of nucleic ac ids 
synthesis in Ehrlich asc ite tumor ce lls by irradiation in. vitro in 
the presence of skin-photosensitizing furocoumarins. Experientia 
(Basel) 28: 148, 1972 
10. Cole RS: Light-induced cross-linkings of DNA in the presence of a 
furocoumarin (psoralen). Studies with phage lambda, Escherichia 
coli a nd mouse leukemia cells. Biochim Biophys Acta 217:30-39 
1970 ' 
11. Parrish JA, Fitzpatrick TB, Tanenbaum L, Pathak MA: Photo-
chemotherapy of psoriasis with oral methoxsalen a nd long-wave 
ultrav iolet light. New Engl J Med 291: 1207-1222, 1974 
12. Melski JW, Tanenbaum L, Parrish JA, Fitzpa trick TB, Bleich HL: 
Oral methoxsalen photochemotherapy for the treatment of pso-
riasis: A cooperative clinical trial. J Invest Dermatol 68:328-335, 
1977 
13. Honigsma nn H, Konrad K, Gschneit F, Wolff K: Photochemo_ 
therapy of mycosis fungoides. Commun. Presented at VII In t . 
Congress on Photobiology, Home, 1976 
14. Poppe W, Grossweiner L1: Photodynamic sensitization by 8-meth-
oxypsoralen via the s inglet oxygen mechanism. Photochem Pho-
tobiol 22:217-219, 1975 
15. Cannistraro S, Van de Vorst A: ESH and optical absorption evi-
dence for free radical involvement in the photosensitizing action 
of furocoumarin derivatives and for the ir s inglet oxygen produc-
tion. Biochim Biophys Acta 476:166-177,1977 
!.G. Veronese F, Schiavon 0, Bevilacqua R, Rodighiero G: The binding 
of 8-methoxypsoralen by human serum a lbumin, II Fannaco, Ed 
Sci 33:667-675, 1978 
17. Schonberg A, Sina A: Experiments with xanthotoxin and impera-
torin obtained from the fruits of Ammi majus. J Am Chern Soc 
72:4826-4828, 1950 
18. El Mofty AM: Vitiligo and P?oralens. Edited by AM El Mofty, 
Pergamon Press, Oxford, 1968 
19. Fitzpatrick TB, Parrish JA, Pathak MA: Phototherapy of vitiligo 
(idiopatic leukodermia), S unlight and Man. Edited by TB 
Fitzpatrick, MA Pathak, LC Harber, M Seiji, A Kukital. Tokyo 
Univers ity Press, Tokyo, 1974, pp 783-791 
20. Dall 'Acqua F , Marciani S, Chiarelotto G: Identificazione di 4',5'-
diidropsoralene e di 7-idrossicumarina ne lle foglie di Ficlls carica. 
Atti 1s t Ven Sci Lett Arti, Cl Sci mat natur 126:103-115, 1968 
Aug. 1979 
21. Ma rciani S, Dall 'Acqua F, Colombini C: Tri t iazione di a lcune 
furocumarine, Ann Chimica (Rome) 59:1067-1074 , 1969 
22. Marmur J , Doty 1': Determination of the base composition of 
deoxyribonucle ic acid from its thermal denaturation tempera-
ture. J Mol Bioi 5: 109-118, 1962 . 
23. DaU'Acqua F, Terbojevich M, Marciani S, Veda ldi 0 , Recher M: 
Investigation on the dark interaction between furocoumarins and 
DNA. Chem-Biol Interactions 21:103-115.1978 
24. Peacocke AR, ken-ett JHN: The interaction of aminoacridines 
with nucleic ac ids. Trans Faraday Soc 52:26 1-279, 1956 
25. M c Ghee JD, Von Hippel PH: Theoretical aspects of DNA-protein 
in terac tions: Co-operative and non-co-operative binding of la rge 
ligands to one dimensional homogeneous lattice. J Mol Bioi 86: 
469-489, 1974 
26. Hatchard CG, Parker CA: A new sensitive chemical actinometer. 
II-Potass ium fen-ioxalate as a standard chemical ac tinometer. 
Proc Roy Soc, ser B (London) 235:518-536, 1956 
27. Lawley PO, Brookes 1': Inte rstrand cross- linking of DNA by di-
functional a lkylating agents. J Mol Bioi 25: 143-160, 1967 
28. Dall 'Acqua F, Marciani S, Vedaldi 0 , Rodighiero G: Studies on the 
photor~actions ~365 nm) between DNA and some methylpsora-
lens. BIOChlll1 BlOphys Acta 353:267-273, 1974 
29. Ben-Hur E , E lkind MM: Psora len plus near ultraviolet light inac-
tivation of cultured chinese hamster ce lls and its relation to DNA 
cross-links. Mutat Res 18:315-324, 1973 
30. Ehmann UK, Lett JT: Review and evalua tion of molecular weight 
calculations from the sedimentation profi les of irradia ted DNA. 
Radiat Res 54:J52-162. 1973 
31. Studier FW: Sedimentation s tudies of the size and shape of DNA. 
J Mol Bioi J1 :373-390, 1965 
32. Dall 'Acqua F, Rodighiero G: The dark interaction between furo -
coumarins and nucleic acids. Rend Accad Naz Lincei 40:411-422, 
1966 
33. Dall 'Acqua F, Caffieri ,Rodighiero G: Fluorimetric determination 
of 4',5'-cycloadducts in the DNA-psoralen photoreaction . Pho-
tochem Photohiol 27:77-79, 1978 
INTERACTION BETWEEN 8-MOP AND DNA 197 
34. Wells RD, La rson JE: Studies on the binding of Actinomycin D to 
DNA and DNA model polymers. J Mol Bioi 49:319-342. 1970 
35. Zunino F, Gambetta R, D i Mar co A, Zaccara A: Interaction of 
da unomycin and its deriva tives wi th DNA. Biochim Biophys 
Acta 277:489-498, 1972 
36. Dall 'Acqua F, T erbojevich M, Marcia ni S . Vedaldi D , Rodighiero 
G: Ricerche sulle in te razioni tra DNA ed ant ibiotici antrac iclinici. 
II Farmaco Ed Sci 29:682-696. 1974 
37. Le P ecq JB, Paoletti C: A nuorescent complex between ethidium 
bromide a nd nucleic ac ids. J Mol B ioi 27:87- 106, 1967 
38. Wakelin LPG. Waring MJ : The binding of echinomycin to deoxy-
ribonucleic acid. Biochem J 157:721-740, 1976 
39. Dall 'Acqua F: New chemical aspects of the photoreaction between 
psoralen and DNA, Research in Photobiology. Edited by A 
Caste llani . Plenum Press, New York, 1977, pp 245- 255 
40. Dall'Acqua F, Vedaldi 0, Recher M: The photoreaction between 
furocoumarins and various DNA with different base composi-
tions. Photochem Photobiol 27:33-36, 1978 
41. Meffert H , Bru·thelmes M, Metz 0, Siinnichsen N: Photochemo-
therapy using 8-methoxypsoralen and U.V. light. Ill-Fluores-
cence microscopic tudy of the binding and transport of 8-MOP 
in human skin. Dermatol Monatsschr 163:619-627, 1977 
42. Baccichetti F, Bordin F, Marciani S, Da ll'Acqua F, Rodighiero G: 
Contribution of monofunctional adducts formed by furocoumar-
ins with DNA to the inhibition of nucleic acids synthesis. Z 
Naturforsch 3.1 c:207-208, 1975 
43. Musajo L, Visentini P, Baccichetti F, Razzi MA: Photoinactivation 
of Ehrlich ascites tumor cells in vitro. abtained wi t h skin-phata-
sensitizing furocoumarins. Experientia (Base l) 23:335-338, 
1967 
44. Dall 'Acqua F, Mru'ciani S, Vedaldi D, Radighiero G: Skin-phata-
sensit ization and cross- linking format ion in native DNA by fu -
racoumarins. Z Naturforsch 29c:635-636, 1974 
45. Marciani S, Dall'Acqua P, Vedaldi 0 , Rodighiero G: Receptor sites 
of DNA for the photoreaction with psoralen. 11 Farmaco, Ed Sci 
31:140-151.,1976 
